Here we report the isolation, sequence and developmental expression in the central nervous system of several members of the chicken and mouse Nkx gene family. These are among the earliest genes to be regionally expressed in the neural plate; they are expressed just above the axial mesendoderm (prechordal mesendoderm and notochord). Each Nkx gene has a distinct spatial pattern of expression along the anterior-posterior axis of the ventral central nervous system: Nkx-2.2 is expressed along the entire axis, whereas Nkx-2.1 is restricted to the forebrain, and Nkx-6.1 and Nkx-6.2 are largely excluded from the forebrain. They are also expressed in distinct patterns along the dorsalventral axis. These genes are expressed in both the ventricular and mantle zones; in the mantle zone Nkx-6.1 is co-expressed with Islet-1 in a subset of motor neurons. Like other Nkx genes, expression of Nkx-6.1 is induced by the axial mesendoderm and by sonic hedgehog protein. BMP-7 represses Nkx-6.1 expression. While the notochord can induce Nkx-6.1 expression in the anterior neural plate, sonic hedgehog protein does not, suggesting that the notochord produces additional molecules that can regulate ventral patterning.
Introduction
Regional specification of the central nervous system (CNS) begins during gastrulation at the neural plate stage. Anteroposterior (A-P) specification subdivides the neural plate into transverse zones with distinct competence to inductive substances and distinct developmental fates (Lumsden and Krumlauf, 1996; Rubenstein and Shimamura, 1997; Rubenstein et al., 1998) . Mediolateral (M-L) specification generates longitudinal domains (floor, basal, alar and roof plates) which produce distinct cell types (Tanabe and Jessell, 1996) . These orthogonal processes appear to generate a checker-board array of distinct histogenic domains (Simon et al., 1995; Rubenstein et al, 1997) .
Medial patterning is regulated by signals, such as the sonic hedgehog protein, emanating from the axial mesendoderm. Analyses of the embryological origin (mesodermal vs. endodermal) of the axial mesendoderm suggest some differences between birds and mammals which has led to differences in nomenclature. Here, we restrict our definition of the axial mesendoderm to a morphologically distinct midline tissue, which is under the medial neural plate and above the dorsal endoderm, that expresses sonic hedgehog. Along the rostral-caudal dimension, the axial mesendoderm is not a uniform structure. From caudal to rostral, it includes the notochord (whose anterior limit is around the otic sulcus), the head process (whose anterior boundary may be around the mesencephalon/prosencephalon limit) and the prechordal mesendoderm (which underlies the prosencephalon) (Adelmann, 1922; Meier, 1981; Seifert et al., 1993) . The anatomical complexity of the tissues underlying the prosencephalon, and the paucity of studies that characterize this region, has led to different names for the axial tissue. In the mouse it has been called the prechordal plate (Sulik et al., 1994; , whereas in the chicken it has been called the prechordal mesoderm (Seifert et al., 1993; Dale et al., 1997) . Here, we will refer to it as the prechordal mesendoderm following the terminology of Foley et al. (1997) .
The prechordal mesendoderm and notochord differ in their histology and some molecular properties. For instance, they express different homeobox transcription factors: the prechordal mesendoderm expresses goosecoid whereas the notochord expresses NotI (Izpisua-Belmonte et al., 1993; Thisse et al., 1994; Stein and Kessel, 1995) . On the other hand, both the prechordal mesendoderm and notochord express Shh (Echelard et al., 1993; Marti et al., 1995a; Shimamura et al., 1995) . Recent evidence also suggests that prechordal tissues, which include the prechordal mesendoderm, regulate anteriorization of the neural plate (Dale et al., 1997; Foley et al., 1997; Pera and Kessel, 1997) .
Several lines of evidence have demonstrated that SHH induces medial pattern at all axial levels of the developing CNS (reviewed by Tanabe and Jessell, 1996; Hammerschmidt et al., 1997) . SHH induces, in a concentration-dependent manner, the expression of genes and the differentiation of cells that are derived from different mediolateral positions in the neural plate. For instance, high concentrations of SHH induce the cells that are derived from the most medial neural plate (floor plate cells) whereas lower concentrations of SHH induce basal plate cells (motor neurons) (Tanabe and Jessell, 1996) . Neural plate explants from different axial levels have different responses to SHH: forebrain explants express RNAs that are produced in the hypothalamus (e.g. Nkx-2.1; Ericson et al., 1995; , midbrain explants express transcripts that are produced in the substantia nigra (Hynes et al., 1995) , and spinal cord explants express RNAs that are produced in motor neurons (Tanabe and Jessell, 1996) .
Proof that Shh is necessary for medial (ventral) patterning of the CNS was provided by analysis of mice with a null mutation of Shh. These animals fail to induce medial structures along the length of the embryo (Chiang et al., 1996) . While the direct genetic targets of the SHH response are not known with certainty, several transcription factors have been identified that are expressed in the medial (ventral) CNS soon after Shh is first produced in the axial mesendoderm. These include the winged-helix protein HNF3b (Sasaki and Hogan, 1994 ) and the Nkx-2.1 (TTF-1; T/ebp) and Nkx-2.2 homeodomain proteins (Barth and Wilson, 1995; Ericson et al., 1995; .
Nkx-2.1 and Nkx-2.2 are members of the Nkx homeobox family that are related to the Drosophila NK genes (Mellerick and Nirenberg, 1995) . NK2 is also known as ventral nervous system defective, and is essential for development of cells derived from the medial part of the fly CNS (Jiménez et al., 1995; Mellerick and Nirenberg, 1995) . Expression of both Nkx-2.1 and Nkx-2.2 is restricted to the medial neural plate and the ventral neural tube (basal plate).
While Nkx-2.2 is expressed along the entire axis of the CNS (Price et al., 1992; Saha et al., 1993; Barth and Wilson, 1995; Shimamura et al. 1995) , expression of Nkx-2.1 is restricted to the forebrain (Lazzaro et al., 1991; Price et al., 1992; Shimamura et al., 1995 Dale et al., 1997; Pera and Kessel, 1997) , where it is required for development of the hypothalamus (Kimura et al., 1996) . Expression of other Nkx genes, , also appear to be restricted to the basal plate (Bober et al., 1994; RinkwitzBrandt et al., 1995) . The expression of other Nkx genes have been reported in non-neural and adult CNS tissues, such as Nkx-2.5 (Csx) in the heart Lints et al., 1993) and Nkx-6.1 in the pancreatic islet cells (Rudnick et al., 1994; Jensen et al., 1996 ). Here we demonstrate that Nkx-6.1 is expressed in the medial neural plate. There is no clear interspecies difference, between mouse and chicken, in the neural plate and neural tube expression of Nkx-2.1, Nkx-2.2 and Nkx-6.1. We found that whereas Nkx-2.1 expression becomes restricted to the anterior neural plate, Nkx-6.1 expression is excluded from this region. Our experimental studies suggest that the A-P patterning of the neural plate generates transverse domains of distinct competence to SHH; SHH induces Nkx-2.1 in the anterior neural plate whereas SHH induces Nkx-6.1 in the posterior neural plate. We also found that while SHH does not induce Nkx-6.1 in the forebrain, the notochord can, suggesting that the notochord may produce substances in addition to SHH that regulate Nkx-6.1 expression. To isolate the novel homeobox-containing genes that may participate in the regional patterning and specification of the forebrain, we screened an E10 chick brain cDNA library under low stringency conditions with probes prepared from the homeobox regions of two Drosophila homeobox genes (orthodenticle and empty spiracle), that had been implicated in regulating the Drosophila central nervous system development. We isolated twenty-four clones that hybridized to these probes; the expression of the longest clones was studied using in situ RNA hybridization in stage 10 chick embryos. The clones that showed restricted anteroposterior (A-P) and dorsoventral (D-V) patterns of expression in the embryonic brain were further characterized. One of these clones, clone 3B, corresponded to a novel chicken Nkx gene which is expressed in the ventral CNS. As shown in Fig. 1 , clone 3B encodes a homeodomain that has homology to the Nkx genes (Fig. 1) . Sequence alignment revealed that clone 3B is probably the chick homologue of the hamster Nkx-6.1 homeobox gene ( Fig. 1) (Rudnick et al., 1994) , as they have identical homeodomain sequences and extensive sequence identities outside the homeodomain (Ͼ80%, data not shown). Therefore we renamed clone 3B as cNkx-6.1. Using cNkx-6.1 DNA as a probe, we isolated two mouse cDNAs that encode homologues of cNkx-6.1 from an E12.5 mouse spinal cord cDNA library. Sequencing of these cDNA clones revealed that they encode mNkx-6.1 and Gtx. Gtx is a murine homeobox gene that is expressed in glial and testis germ cells of the adult mice . The homeodomains of the mouse and chick Nkx-6.1 gene have identical amino acid sequences and differ from Gtx by only three conservative amino acid changes (Fig. 1) . In addition, several members of the Nkx family, including Nkx-6.1, Nkx-2.1 and Nkx-2.2, share a conserved decapeptide sequence (Rudnick et al., 1994; Hartigan and Rubenstein, 1996) . Our sequence analysis also demonstrates that Gtx has this sequence. Based upon this, and the high degree of amino acid identity between Gtx and Nkx-6.1 (64%) we suggest that Gtx should be classified as the Nkx-6.2 gene.
Results

The cloning and characterization of mouse
We isolated chicken Nkx-2.1 and Nkx-2.2 by screening the E10 chick brain cDNA library with probes made from mouse Nkx-2.1 and Nkx-2.2 cDNAs. Sequence analysis of these clones verified their identities (Fig. 1) .
Early expression of cNkx-6.1 and cNkx-2.1
To provide a foundation for mechanistic studies of Nkx gene regulation, we studied the expression of the Nkx-6.1 and Nkx-2.1 genes at neural plate stages in the chicken embryo. As illustrated in Fig. 2A , Nkx-6.1 is expressed as early as stage 6 (prior to somite formation), when the Nkx-6.1 transcripts can be detected as two paramedian longitudinal stripes in the posterior neural plate, but appears to be largely excluded from the presumptive forebrain (the region which overlies the prechordal mesendoderm). In addition, the expression of Nkx-6.1 appears to be excluded from the midline of the neural plate (anlage of the floor plate which lies over the notochord). For comparison, the notochord and prechordal mesendoderm were visualized by their expression of sonic hedgehog RNA (Shh) (Fig. 2B) (Echelard et al., 1993; Shimamura et al., 1995) .
As development of the CNS proceeds, the bilateral expression of Nkx-6.1 in the ventral neural-fold (Fig. 2C ) and neural tube (Fig. 2F ) becomes more apparent; the anterior boundary appears to coincide with the anterior end of the notochord. To confirm this spatial relationship, we double-labeled stage 8 chick embryos with Nkx-6.1 and Not-1. Not-1 and Not-2 are homeobox genes that are expressed in the chicken notochord, but not the prechordal plate (Knezevic et al., 1995; Stein and Kessel, 1995; Stein et al., 1996) . The results demonstrate that expression of Nkx-6.1 in the neural plate and Not-1 in the notochord have the same anterior limit (Fig. 2C) . The anterior boundary of Nkx-6.1 expression was further examined in the stage 17 neural tube by double-labeling with Nkx-6.1 and Nkx-2.1 probes. By stage 17, no overlap of Nkx-2.1 and Nkx-6.1 was observed (Fig. 2F) . The boundary between these genes is in the region of the prosomere 2/prosomere 3 (p2/p3) limit; in the alar plate this boundary is known as the zona limitans intrathalamica or ZL. Note that Nkx-6.1 expression is not Fig. 1 . Comparison of the deduced amino acid sequences of conserved domains present in the mouse and chicken Nkx proteins. The Nkx-2 and Nkx-6 families have homeodomains and N-terminal decapeptide domains (note: the chicken N-terminal decapeptides are not shown because the cDNA clones were truncated before this region). The Nkx-2 proteins have 17 amino acid Nkx-2 domains. Chicken Nkx-6.1 was originally named 3B (see Section 2.1). NK-2: Drosophila NK2 protein, also known as vnd. and Nkx-6.1 (orange); Nkx-2.1 is expressed anterior and Nkx-6.1 is largely posterior to the p2/p3 boundary (the zona limitans (ZL) is the alar component of this boundary), although there is a thin weakly-expressing domain of Nkx-6.1 along the dorsal margin of Nkx-2.1 in the hypothalamus (labeled 1). Also note the gap of expression in the isthmic region and the weaker expression in the mesencephalic basal plate (labeled 2). (G) Expression of mouse Nkx-6.1 and (H) Nkx-6.2 in the E9.5 embryos. Note their similar distributions in the ventral midbrain and hindbrain and lack of detectable Nkx-6.2 expression in the spinal cord region (arrow in (H) indicates posterior limit of Nkx-6.2). Both genes have anterior limits in the diencephalon (arrow in (G)). Abbreviations: D, diencephalon; Hy, hypothalamus; I, isthmus; M, mesencephalon; MGE, medial ganglionic eminence; HN, Hensen's node; Nc, notochord; P, prosencephalon; PCP, prechordal mesendoderm; R, rhombencephalon; S, spinal cord; T, telencephalon. homogeneous along its A-P extent, as there is a gap of expression at the isthmus (I; Fig. 2F ), and decreased expression in the posterior diencephalon (arrow 2 in Fig. 2F ). In addition, at about stage 17, a thin longitudinal line of expression appears along the dorsal border of the Nkx-2.1 hypothalamic domain (arrow 1 in Fig. 2F ).
Although Nkx-2.1 expression is restricted to the forebrain at stage 17, its expression at stage 8 is more widespread (it extends into the primordium of the midbrain, hindbrain and perhaps spinal cord) (Fig. 2D) . By stage 10, strong expression of Nkx-2.1 is restricted to the forebrain (Fig. 2E) . Later, we provide evidence that the repression of Nkx-2.1 expression in the posterior neural plate is controlled in part by mechanisms intrinsic to the neural plate (Fig. 7G,H ).
Conserved expression of the mouse and chicken Nkx-2 and Nkx-6 genes in the ventral neural tube: each gene has distinct A-P expression boundaries.
The Nkx-2.1, Nkx-2.2, Nkx-6.1, and Nkx-6.2 (Gtx) genes are related not only in their sequences, but also in their patterns of CNS expression. Murine Nkx-2.1 and Nkx-2.2 were previously reported to be expressed in the ventral neural tube of developing embryos; Nkx-2.1 is restricted to the forebrain, whereas Nkx-2.2 extends along the entire A-P axis (Price et al., 1992; Shimamura et al., 1995) . Whole-mount in situ RNA hybridization in E9.5 mouse embryos shows that Nkx-6.1 and Nkx-6.2 (Gtx) expression is also restricted to the ventral neural tube (Fig. 2G,H) . Each gene is expressed along a particular A-P domain of the ventral CNS: the expression of both genes begins near the zona limitans intrathalamica (p2/p3 boundary; see arrow in Fig. 2F) ; Nkx-6.1 expression extends posteriorly along the whole ventral neural tube (Fig. 2F,G) , whereas Nkx-6.2 (Gtx) expression extends to approximately the boundary of the hindbrain and spinal cord (see arrow in Fig. 2H) . Thus, the four mouse Nkx genes have distinct A-P boundaries in the ventral neural tube.
We then tested whether chicken Nkx-2.1, Nkx-2.2, and Nkx-6.1 have similar expression patterns to the mouse in the embryonic CNS. As already demonstrated in Fig.  2E ,F, expression of cNkx-2.1 is restricted to the ventral forebrain, whereas expression of cNkx-6.1 (Fig. 2F) begins just posterior to the p2/p3 boundary, and includes the ventral diencephalon, mesencephalon, rhombencephalon and spinal cord. Expression of cNkx-2.2 is present in the entire ventral CNS (see Fig. 3 ). Thus, the expression of the chicken and mouse homologues of these three Nkx genes are indistinguishable at approximately equivalent developmental stages.
Nkx-2.2 and Nkx-6.1 have distinct D-V boundaries of expression
The expression of Nkx-2.2 and Nkx-6.1 appears to be at different D-V positions (Fig. 3) . To precisely define this, we made transverse sections of stage 17 chicken embryos labeled by two-color whole mount in situ hybridization. In the spinal cord and hindbrain (Fig. 3C,D) , Nkx-2.2 transcripts (stained in blue) are detected as two narrow paramedian longitudinal columns of cells that flank the floor plate (FP). Nkx-6.1 (stained in orange) and Nkx-2.2 share the same ventral limit, but Nkx-6.1 expression extends more dorsally (the expression of both genes appears to be restricted to the basal plate, BP). Thus in the spinal cord and hindbrain, Nkx-2.2 is expressed in a subset of Nkx-6.1-positive cells. In the midbrain and diencephalon (Fig.  3A,B) , Nkx-6.1 expression remains adjacent to the floor plate, whereas the expression of Nkx-2.2 shifts dorsally relative to Nkx-6.1. In the midbrain, there are a few Nkx-6.1 expressing cells that are just dorsal to Nkx-2.2 (arrow in Fig. 3B ). Both genes are expressed in the ventricular and mantle zones. Fig. 4 summarizes the expression patterns of Nkx-6.1, Nkx-2.1 and Nkx-2.2 in the chicken and mouse neural tube. The A-P extent of Nkx-6.1 expression in the neural plate and neural tube coincides with the notochord and the floor plate, whereas neural expression of Nkx-2.1 is in the region of the prechordal mesendoderm. Nkx-2.2 flanks Shh expressing cells along the entire ventral neural tube.
Nkx-6.1 expression in the spinal cord is in the basal plate, the region where motor neurons are generated. To study whether motor neurons are produced from ventricular zone cells that express Nkx-6.1, we co-stained embryonic day 3 chick spinal cord with a monoclonal antibody to Islet-1 and with an RNA probe to Nkx-6.1 (Islet-1 is expressed in differentiating and differentiated motor neurons; Tsuchida et al., 1994) . Many of the Islet-1 immunoreactive cells coexpress Nkx-6.1 ( Fig. 5 ; see asterisks in Fig. 5D ). In the hindbrain there is a much higher degree of co-expression of Islet-1 and Nkx-6.1, although there are some Islet-1-positive cells that do not express Nkx-6.1 (Fig. 5A,B) . Also within the hindbrain, some Nkx-6.1 expressing cells appear to be migrating dorsally (arrowhead, Fig. 5B ), whereas others appear to be crossing the floorplate (not shown). Of note, hindbrain motor neurons are known to follow similar migrations (Simon et al., 1995; Ericson et al., 1997) .
D-V patterning of Nkx gene expression: Nkx-6.1 induction by SHH and repression by BMP-7
Previous studies have demonstrated that patterning of the ventral CNS is under the control of inductive signals produced by the axial mesendoderm, and that SHH is an essential component of this process (Chiang et al., 1996) . In addition, SHH has been shown to be sufficient to induce Nkx-2.1 (Ericson et al., 1995; Dale et al., 1997; Pera and Kessel, 1997; and Nkx-2.2 (Barth and Wilson, 1995; Ericson et al., 1997) . To investigate whether Nkx-6.1 expression can be regulated by the notochord, we grafted pieces of notochord into the dorsal midline of the spinal cord of stage 9 + (∼7-8 somites) embryos and then assayed for expression of Nkx-6.1 24 h later. In all cases (n = 6), Nkx-6.1 is expressed as two stripes adjacent to the transplanted notochord (Fig. 6A) . Cross sections of these samples confirmed that the ectopic expression of Nkx-6.1 occurs in the dorsal neural tissues adjacent to the ectopic notochord (Fig. 6B) .
SHH expression from the notochord has been demonstrated to be necessary for inducing ventral CNS properties (Marti et al., 1995b; Chiang et al., 1996; Ericson et al., 1996) . To test whether SHH can regulate Nkx-6.1 expression, we co-cultured stage 10 neural plate (dorsal tissue not expressing Nkx-6.1 was excised from the posterior to the third somite) with NIH-3T3 cells expressing the N-terminal fragment of SHH (SHH-N). Following 48 h of co-culture, the neural explants were assayed for expression of Nkx-6.1. Expression of Nkx-2.2 was assayed as a positive control (Barth and Wilson, 1995) . NIH-3T3 cells did not induce Nkx-6.1 (n = 3; Fig. 6C ) or Nkx-2.2 (n = 3; Fig. 6E ) expression in dorsal neural explants, while NIH-3T3 cells expressing SHH-N, induced the expression of both Nkx-6.1 (n = 3; Fig. 6D ) and Nkx-2.2 (n = 3; Fig. 6F ).
To test whether this inductive effect could be mimicked by purified SHH-N protein, we cultured pieces of the spinal cord (enriched for Nkx-6.1 negative dorsal tissue) of stage 9 chick embryos in the absence (n = 2; Fig. 6G ) or presence (n = 2; Fig. 6H ) of the recombinant mouse SHH-N (50 ng/ ml; ∼2.5 nM). After 24-40 h of culture, the neural explants were assayed for expression of Nkx-6.1; SHH-N greatly increased the expression of Nkx-6.1 in 100% of the explants (SHH-N treated n = 8 explants; SHH-N untreated n = 8 explants) (Fig. 6 : compare the intensity and distribution of blue stain in the control explants, panel G, and the SHH-N treated explants, panel H). Similar experiments performed with intact stage 6-7 neural plate explants also demonstrate the SHH-N induces ectopic expression of Nkx-6.1 in lateral/ dorsal parts of the embryonic nervous system (see below and Fig. 7) .
There is evidence that signals emanating from the nonneural ectoderm regulate dorsal properties within the neural tube (Dickinson et al., 1995) , and that bone morphogenetic proteins (BMPs) may be required to carry out this process (Basler et al., 1993; Liem et al., 1995) . To test whether BMPs can repress genes that are expressed in the ventral CNS, we added beads soaked in either BMP-7 (0.1 mg/ml in PBS) (n = 2; Fig. 6J ) or bovine serum albumin (0.1 mg/ml) (n = 2; Fig. 6I ) to stage 10 neural plate explants (that include both the Nkx-6.1 negative dorsal and the Nkx-6.1-positive ventral domains), and assayed for the expression of Nkx-6.1. The BMP-7 beads eliminated Nkx-6.1 expression throughout the explants.
The notochord, but not sonic hedgehog, efficiently induces Nkx-6.1 in the prosencephalic neural plate
The ability of SHH-N to induce expression of Nkx-6.1 raises the question of why the Nkx-6.1 gene is not expressed in the anteromedial neural plate (the prospective forebrain), as Shh is expressed in the prechordal mesendoderm that Fig. 4 . Expression patterns of the Shh and Nkx genes in the E3 chick embryo. Schematic representation (lateral view) of Shh and Nkx gene expression in the 3-day-old chick embryo. Shh is expressed in the ventral neural tube and axial mesendoderm (not shown). Nkx-2.1 is expressed in the medial ganglionic eminence (MGE) and hypothalamus (HY), which overlies the prechordal mesendoderm. Nkx-6.1 is expressed in the ventral neural tube that is above the notochord (di, diencephalon; mes, mesencephalon; r, rhombencephalon; sc, spinal cord). Nkx-2.2 expression is dorsal to the Shh domain, except in the MGE. Other abbreviations: is, isthmus; OS, optic stalk; r1-r7, rhombomeres sp, secondary prosencephalon, ZL, zona limitans intrathalamica (corresponding to the boundary between prosomere 3 and 2). underlies the hypothalamic primordium (Echelard et al., 1993; . There are several possible explanations for this observation.
One possibility is that the prosencephalic neural plate is not competent to express Nkx-6.1. To test this, forebrain explants from stage 6 embryos were co-cultured with the notochord. Control explants isolated from the brains of stage 6 embryos retained the typical spatial relationship of the Nkx-6.1 (blue) and Nkx-2.1 (orange) expression after 24 h of culture (n = 12; Fig. 7A ). However, when a piece of Beads containing bovine serum albumin (I) and BMP-7 (J) were added to stages 9-10 neural plate explants containing the ventral Nkx-6.1 expressing domains; BMP-7 treatment eliminated Nkx-6.1 expression. An example of a bead is indicated by an arrow in (I,J). Fig. 7 . Differential inductive effects of the notochord and purified SHH protein on Nkx-2.1, Nkx-2.2 and Nkx-6.1 expression in the forebrain. (A,B) Induction of Nkx-6.1 by notochord in the anterior neural plate. Explants of the anterior neural plate were isolated from stages 6-7 embryos and cultured for 24 h either alone (A) or with pieces of notochord placed on top of the most anterior neural plate (B). Note, these explants differ from those shown in Fig. 6 . In Fig. 6 , the explants were pieces of dorsal neuroepithelium obtained from spinal cord levels of stage 9 embryos, whereas the explants shown here were the entire anterior neural plate from stages 6-7 embryos. The explants were stained with both Nkx-2.1 (orange) and Nkx-6.1 (blue) probes. The arrow in (B) indicates ectopic expression of Nkx-6.1 in the anterior neural plate; arrowhead in (B) shows that only Nkx-2.1 expression is detected in the hypothalamic primordium. notochord was placed under the anterior neural plate, expression of Nkx-6.1 was induced in the anterior tissue (n = 7; see arrow in Fig. 7B ). Interestingly, in the endogenous Nkx-2.1 domain (arrowhead in Fig. 7B ), we did not observe expression of Nkx-6.1, suggesting that this domain is not competent to express Nkx-6.1.
We next examined whether exogenous N-SHH can mimic the effects of the notochord on anterior brain explants. The control neural explants exhibit typical endogenous expression patterns of Nkx-2.1 (7A, orange; 7C, blue), Nkx-6.1 (7A, blue; 7C, orange) and Nkx-2.2 (Fig.  7E ) after 24 h of culture. When N-SHH was included in the culture medium (50-100 ng/ml), the domain of Nkx-2.1 expression expanded in the forebrain (Fig. 7D ; compare blue regions indicated by arrows in Fig. 7C,D) (n = 3). We could not detect ectopic expression of Nkx-6.1 in the forebrain, whereas its expression domain was clearly wider in more posterior regions of the explants (Fig. 7D ; compare orange regions indicated by arrowheads in Fig. 7C ,D) (n = 3). Lateral expansion of Nkx-2.2 expression occurs along the whole A-P axis (Fig. 7F) .
Evidence for mechanisms intrinsic to the neural plate that regulate A-P patterning
In the neural tube, Nkx-2.1 expression is restricted to the basal plate anterior of the zona limitans (see arrowhead in Fig. 2F ); however at stage 8 in the neural plate its posterior limit extends into the primordia of the midbrain, hindbrain and perhaps the spinal cord (Fig. 2D) . By stage 10, its expression is largely restricted to the forebrain primordium (Fig. 2E) . To determine whether the anterior restriction of Nkx-2.1 depends upon signals from underlying tissues, we studied its expression in stage 8 neural plate explants that are devoid of mesoderm and mesendoderm. The explants were grown for varying times and assayed for the expression of Nkx-2.1 (blue) and Shh (orange). Explants grown in culture for 6 h continue to have a 'tail' of Nkx-2.1 expression extending posteriorly (n = 7; Fig. 7G ), whereas after 24 h in culture, Nkx-2.1 expression is restricted to an anterior domain (n = 8; Fig. 7H ; arrow marks the posterior limit of its expression). These results suggest that mechanisms intrinsic to the neural plate contribute to restricting Nkx-2.1 expression to the forebrain.
Discussion
Here we report the isolation and sequence of chicken and mouse Nkx-6.1 and show that the CNS expression of 2 is restricted to distinct A-P domains of the ventral neural tube. We suggest that the Nkx homeobox gene family has a central role in regulating development of the ventral CNS. Many of the known Nkx genes are expressed in the CNS (Nkx-2.1, Nkx-2.2, .2 (Gtx)), and within the CNS their expression appears to be restricted to the medial neural plate and ventral neural tube. It is noteworthy that the Drosophila homologue of the Nkx genes, known as ventral nervous system defective (vnd) or NK2 (Jiménez et al., 1995; Mellerick and Nirenberg, 1995) , is essential for development of the medial regions of the fly CNS. This suggests that the NK2 and Nkx genes have homologous roles in development of invertebrates and vertebrates, respectively. Thus, it is not surprising that there are no obvious interspecies differences in the expression of Nkx-2.1, Nkx-2.2 and Nkx-6.1 in mouse and chick embryos (see Figs. 1, 2 and 4 and Shimamura et al., 1995) .
Nkx-2.2 is expressed along the entire CNS axis (Shimamura et al., 1995) , which suggests that it has a role in all or most axial levels. On the other hand, each of the other Nkx genes have more restrictive expression patterns along the A-P axis, implying that these Nkx genes regulate development of specific regions of the ventral CNS. For instance, mutation of Nkx-2.1 disrupts hypothalamic development (Kimura et al., 1996) . Because of the high degree of amino acid similarity of the homeodomain and other conserved regions of these proteins (Fig. 1) , and because there is a high degree of overlap in the expression patterns (Fig.  4) , we anticipate that there may be functional redundancy of these genes. A systematic analysis of single and compound mutants of the Nkx gene family will be needed to establish the functions of these genes.
Given that the Nkx genes are expressed in both the ventricular and mantle zones, they may have roles in regionalization, proliferation, migration and differentiation.
Among the Nkx genes that are expressed in the CNS, only a mutation of Nkx-2.1 has been reported (Kimura et al., 1996) . While it profoundly reduces the amount of tissue in the hypothalamus, it is not known whether this defect is due to an effect on regional specification, proliferation, cell death or differentiation.
A role of the Nkx genes in medial patterning of the neural plate (which results in ventral patterning of the neural tube) is suggested by their early expression. Nkx-2.1, Nkx-6.1 ( Fig. 2 ; Shimamura et al., 1995; and Nkx-2.2 (Shimamura et al., 1995) have among the earliest regionally-restricted patterns of gene expression in the neural plate. Each is expressed in the medial neural plate above the SHH-expressing axial mesendoderm ( Fig. 2 ; Shimamura et al., 1995; .
The Nkx genes continue to be expressed in the mantle zone of the ventral neural tube (Figs 3, and 5 ). These postmitotic cells, which include motor neurons and interneurons, also express distinct sets of Lim-homeobox genes, such as Islet-1 and Islet-2, and Lim-3 (Tsuchida et al., 1994; Ericson et al., 1997; Fig. 5) . Islet-1 is essential for motor neuron differentiation (Pfaff et al., 1996) . Thus because the Nkx genes are expressed in the ventricular zone which is likely to contain the precursors of the motor neurons and other basal plate cells, we suggest that the Nkx genes may regulate the expression of the Lim-homeobox genes. This hypothesis is further supported by the co-expression of Nkx-6.1 and Islet-1 in some mantle zone cells (Fig. 5) . Thus, the Nkx genes are candidate regulators of basal plate cells including motor neurons, hypothalamic neurons, oligodendrocytes, interneurons, serotonergic and dopaminergic neurons.
There are two regions within the forebrain where Nkx genes are expressed in 'dorsal' regions. The zona limitans is an alar-plate boundary zone between the primordia of the dorsal and ventral thalami (prosomeres 2 and 3, respectively) (Puelles and Rubenstein, 1993) . Beginning around E9.5 in the mouse, expression of both Nkx-2.2 and Shh extend dorsally from the basal plate into this boundary region; as in the basal plate, Nkx-2.2 flanks the expression of Shh (Shimamura et al., 1995) . The only region in the CNS where Shh expression is not associated with that of Nkx-2.2 is in the basal telencephalon, where there is a separate domain of Shh expression (this appears around E9.0-E9.5 in the mouse). At this time, expression of Nkx-2.1 also begins in this region, which later becomes the medial ganglionic eminence (Price et al., 1992; Shimamura et al. 1995; Fig. 2F,G) . Thus, this subcortical region of the telencephalon has some molecular properties of the basal plate.
As noted above, there is a strong correlation of Shh and Nkx expression, and indeed, several lines of evidence demonstrate that SHH can regulate the expression of the Nkx genes. Previous studies in zebrafish and in neural plate explants show that SHH regulates Nkx-2.2 and Nkx-2.1 (Barth and Wilson, 1995; Ericson et al., 1995; ). Here we demonstrate that SHH also regulates the expression of Nkx-6.1 (Figs 6 and 7) .
Patterning of the ventral neural tube appears to be accomplished in part by a concentration gradient of SHH. For instance, high concentrations induce floor plate, intermediate concentrations induce motor neurons and lower concentrations induce interneurons Ericson et al., 1996 Ericson et al., , 1997 . The fact that different Nkx genes are expressed at different D-V coordinates suggests that they are induced by different concentrations of SHH. In the spinal cord Nkx-2.2 is expressed adjacent to the SHHexpressing floor plate whereas Nkx-6.1 is expressed in more dorsal regions of the basal plate (Fig. 3C,D) . This would imply that expression of Nkx-2.2 requires higher concentrations of SHH than Nkx-6.1. However, the situation is probably more complex than this simple model, because in the midbrain and posterior diencephalon, Nkx-2.2 expression is dorsal to Nkx-6.1 (Fig. 3A,B) . In these regions, SHH expression is not restricted to the floor plate, but expands throughout much of the basal plate. Nkx-2.2 remains just dorsal to SHH, whereas Nkx-6.1 is expressed within the SHH domain. Therefore, it appears that Nkx-2.2 expression always forms a dorsal boundary of SHH, whereas Nkx-6.1 expression remains in the same position relative to the ventral midline.
Dorsoventral patterning can also be regulated by molecules, such as BMPs that are produced in the dorsal neural tube and non-neural ectoderm (Liem et al., 1995) . We have shown that BMP-7 reduces Nkx-6.1 expression in neural plate explants (Fig. 6J) . Thus, BMP-7 molecules can suppress the dorsal spread of Nkx gene expression, and could potentially regulate other aspects of their expression, such as their distinct A-P boundaries. The mechanisms which restrict the expression of Nkx-2.1, .2 to distinct A-P domains are largely unknown. Here we have focused on the observation that in the neural tube Nkx-2.1 is expressed anterior of the zona limitans, whereas Nkx-6.1 is largely expressed posterior to this location. Previously, we and others have provided evidence using mouse and chick explants that only the anterior neural plate is competent to express Nkx-2.1 in response to the axial mesendoderm and to N-SHH (Ericson et al., 1995; . This suggests that early A-P patterning events subdivide the neural plate into transverse zones that respond differently to the same signal. However, as described below, there is now evidence that the prechordal mesendodermal tissues have anteriorizing properties and that the posterior neural plate is competent to express Nkx-2.1.
The idea that the axial mesendoderm has distinct inductive properties at different A-P positions is supported by the observation that the prechordal mesendoderm (which we define as the part of the axial mesendoderm underlying the hypothalamus) and the notochord express distinct homeobox genes: the prechordal mesendoderm expresses goosecoid (Izpisua-Belmonte et al., 1993; Thisse et al., 1994) whereas the notochord expresses Not-1 and Not-2 (Knezevic et al., 1995; Stein and Kessel, 1995; Stein et al., 1996) . Mutations of the zebrafish Not gene (floating head) (Talbot et al., 1995) and mouse brachyury (Herrmann and Kispert, 1994) and zebrafish no tail (Schulte-Merker et al., 1994 ) disrupt the notochord development without known effects on the prechordal mesendoderm. In addition, recent studies suggest that prechordal tissues, that contain the prechordal mesendoderm, have anteriorizing properties (Dale et al., 1997; Foley et al., 1997; Pera and Kessel, 1997) , and that perhaps high concentrations of SHH, through inducing BMP7, can anteriorize the medial neural plate and induce Nkx-2.1 (Dale et al., 1997) . Future experiments should be performed to test whether the prechordal mesendoderm or other prechordal tissues (e.g. mesoderm) can repress Nkx-6.1 expression.
It is interesting that Nkx-2.1 expression initially extends caudal of the forebrain, and later becomes restricted to the anterior neural plate (Fig. 2D,E) . We found that the loss of posterior Nkx-2.1 expression can occur in the absence of non-neural tissues (Fig. 6G,H) , suggesting that the neural plate can autonomously repress the caudal expression of Nkx-2.1. These results also suggest that the induction of Nkx-2.1 in caudal neural plate tissues described by Dale et al. (1997) may reflect the fact that this tissue does express this gene at early stages. Thus, the treatments that Dale et al. (1997) used to induce Nkx-2.1 in the posterior neural plate (prechordal tissues, high SHH (25 nM), low SHH (10 nM) with BMP) are sufficient to reverse the repression of this gene, but may not reflect the in vivo mechanism(s) that restrict its expression to the anterior CNS. Perhaps, future studies should focus on the mechanism(s) that regulate the caudal repression of Nkx-2.1 expression.
We have shown that while Nkx-6.1 is excluded from the anterior neural plate, an ectopic notochord can induce its expression in this region (Fig. 7B) . However, in these experiments, we have not observed co-expression of Nkx-6.1 and Nkx-2.1 in the hypothalamic primordium, suggesting that this region is not competent to express Nkx-6.1, whereas more lateral regions of the forebrain primordium are. This is consistent with the expression of Nkx-6.1 by stage 17 in a domain just dorsal to that of Nkx-2.1 (Figs.  2F and 4) . Perhaps prior expression of Nkx-2.1 prevents Nkx-6.1 induction, or perhaps BMP7 represses Nkx-6.1 in the anterior neural plate. The latter hypothesis is supported by our observation that BMP7 can repress Nkx-6.1 (Fig. 6J) .
Finally, N-SHH does not efficiently induce Nkx-6.1 in the anterior neural plate, while it does widen the expression domain in more posterior regions (Fig. 7D) . This result provides evidence that the notochord and N-SHH have distinct properties. It could be a simple explanation, such as the notochord produces higher local concentrations of SHH than those used in the experiment, or that cholesterol modification of SHH is required (the bacterially produced SHH-N lacks cholesterol). On the other hand, the notochord might produce additional factors that work independently of SHH, or synergistically with SHH, to induce Nkx-6.1 in the anterior neural plate.
Experimental procedures
Isolation of chick and mouse Nkx cDNAs
A cDNA library prepared from day 10 chick brain (Serafini et al., 1994) was screened with probes made from the homeobox region of the Drosophila orthodenticle and empty spiracle genes at low stringency conditions. Similar screens were performed using mouse Nkx-2.1 and Nkx-2.2 probes to isolate the chicken homologues. The mouse Nkx-6.1 and Nkx-6.2 genes were obtained by screening a cDNA library made from day 12.5 mouse spinal cord. The details of the clones are described below.
Whole-mount in situ RNA hybridization and immunohistochemistry
Digoxygenin-or fluorescein-labeled RNA probes were generated according to the protocols from the manufacturer (Boehringer Mannheim, Indiapolis, IN) and used for wholemount in situ RNA hybridizations as described in Shimamura et al. (1994) . For the simultaneous detection of RNA and protein, immunohistochemistry was performed first in the presence of heparin (5 mg/ml), followed by the standard in situ RNA hybridization. After colormetric reactions, samples were postfixed in 4.0% paraformaldehyde and some of them were sectioned at a thickness of 16 mm. Anti-islet-1 monoclonal antibody was obtained from the Developmental Hybridoma Bank (Iowa city, IA).
The following mouse cDNA clones in bluescript vectors were used for generating riboprobes for in situ hybridization: Nkx-2.1 (∼2 kb; Shimamura et al., 1995) ; Nkx-2.2 (∼2 kb; Hartigan and Rubenstein, 1996) ; Nkx-6.1 (0.9 kb; pQ444-22); Nkx-6.2 (1 kb; pQ444-13). The following chicken cDNA clones in bluescript vectors were used for generating riboprobes for in situ hybridization: Nkx-2.1 (2.1 kb); Nkx-2.2 (1.0 kb); Nkx-6.1 (1.1 kb; pQ442-3B).
Isolation and culture of chick neural explants
Fertilized chick eggs (White Horn, Feather Hill, CA) were incubated at 39°C in a humidified incubator and embryos were staged according to the criteria set by Hamburger and Hamilton (1951) . Anterior neural plate preparations (see Fig. 7 ) were made from stages 5-8 embryos. The embryonic tissues rostral to the node were dissected from the rest of the embryonic and extraembryonic tissues. To separate the ectoderm, mesoderm, and endoderm, the tissues were digested with 2.5% pancreatin and 0.5% trypsin in Ca 2 + /Mg 2 + free Hepes-buffered saline (pH 7.4), followed by mechanical dissection with fine glass needles (Beddington, 1987) . In vitro tissue explant culture was carried out as described previously (Shimamura and Takeichi, 1992; . The isolated cephalic neuroectoderm was placed in a small drop of culture medium on a nucleopore filter (Costar, 110414) . In some cases the neuroectoderm was co-cultured with the notochord, which was placed under the basal surface of the neuroectoderm (see Fig. 7 ). The explants were placed on filters floating on DMEM supplemented with 10% fetal bovine serum (with or without heat inactivation) in a CO 2 incubator at 37°C for 24-48 h.
The effects of SHH on the Nkx gene expression were tested on anterior neural plate explants (as described above; see Fig. 7 ) or neuroectodermal fragments from stages 9-10 embryos (derived from the dorsal region caudal of the 3rd somite; see Fig. 6 ). The tissues were either cocultured with 10T1/2 cells expressing the N-terminal fragment of SHH (SHH-N) (driven by the CMV promoter), or cultured in the presence of purified SHH-N recombinant protein at a concentration of 50-200 ng/ml (2.5-10 nM).
For in vivo notochord transplantation (see Fig. 6 ), short pieces (0.5-0.8 mm) of notochord obtained from the trunk region of stages 10-12 chick embryos were inserted into a slit that was cut into the dorsal neural tube as described in Yamada et al. (1993) . Following the notochord grafting, embryos were incubated at 39°C for an additional 48 h before the whole-mount in situ hybridization.
